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ABSTRACT
NANO SCALE MECAHNICAL ANALYSIS OF BIOMATERIALS USING ATOMIC
FORCE MICROSCOPY
Diganta Dutta
Old Dominion University, 2015
Director: Shizhi Qian

The atomic force microscope (AFM) is a probe-based microscope that uses nanoscale and
structural imaging where high resolution is desired. AFM has also been used in
mechanical, electrical, and thermal engineering applications. This unique technique
provides vital local material properties like the modulus o f elasticity, hardness, surface
potential, Hamaker constant, and the surface charge density from force versus
displacement curve.

Therefore, AFM was used to measure both the diameter and mechanical properties o f the
collagen nanostraws in human costal cartilage. Human costal cartilage forms a bridge
between the sternum and bony ribs. The chest wall o f some humans is deformed due to
defective costal cartilage. However, costal cartilage is less studied compared to load
bearing cartilage. Results show that there is a difference between chemical fixation and
non-chemical fixation treatments. Our findings imply that the patients’ chest wall is
mechanically weak and protein deposition is abnormal. This may impact the nanostraws’
ability to facilitate fluid flow between the ribs and the sternum.

At present, AFM is the only tool for imaging cells’ ultra-structure at the nanometer scale
because cells are not homogeneous. The first layer o f the cell is called the cell membrane,
and the layer under it is made o f the cytoskeleton. Cancerous cells are different from
normal cells in term o f cell growth, mechanical properties, and ultra-structure. Here,
force is measured with very high sensitivity and this is accomplished with highly
sensitive probes such as a nano-probe. We performed experiments to determine ultrastructural differences that emerge when such cancerous cells are subject to treatments
such as with drugs and electric pulses. Jurkat cells are cancerous cells. These cells were
pulsed at different conditions. Pulsed and non-pulsed Jurkat cell ultra-structures were
investigated at the nano meter scale using AFM. Jurkat cell mechanical properties were
measured under different conditions. In addition, AFM was used to measure the charge
density o f cell surface in physiological conditions. We found that the treatments changed
the cancer cells’ ultra-structural and mechanical properties at the nanometer scale.

Finally, we used AFM to characterize many non-biological materials with relevance to
biomedical science. Various metals, polymers, and semi-conducting materials were
characterized in air and multiple liquid media through AFM - techniques from which a
plethora o f industries can benefit. This applies especially to the fledging solar industry
which has found much promise in nanoscopic insights. Independent o f the material being
examined, a reliable method to measure the surface force between a nano probe and a
sample surface in a variety o f ionic concentrations was also found in the process o f
procuring these measurements. The key findings were that the charge density increases
with the increase o f the medium’s ionic concentration.
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Nomenclature
a

contact radius

A

area

Ah

Hamaker constant

C

Capacitance

c

Speed o f light vacuum

Ck

Keesom coefficient

Cd

Debye coefficient

Cl

London coefficient

D

tip-sample distance

e

unit charge

E

Young’s modulus

Ei

Young’s modulus o f probe

e2

Young’s modulus o f sample

f

force per unit area

F

force

Fad

adhesion force

Fel

double-layer force

Fvdw

van der walls force

No

Avogadro’s constant

h

Planck’s constant

kB

Boltzmann constant

kc

Spring constant o f the cantilever
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p

pressure

Q

quality factor

r

distance between atoms or molecules

R

tip radius

T

temperature

U

potential energy

ui

dipole moment o f molecules

U2

dipole moment o f molecules

V

velocity o f the tip

I

ionic strength

V

voltage

Zi

valence ion

aoi

electronic polarizabilities o f molecules

e

dielectric constant o f the medium

eo

vacuum permittivity

X

Debye length

V

poisson’s ratio

P

density

(TS

surface charge density o f sample surface

OT

surface charge density o f AFM Tip

Pf

density o f fluid surrounding the cantilever (kg/m3)

a

molecular diameter (m)

¥

electric potential

electric potential o f sample surface
electric potential o f AFM Tip
viscosity
Pi (3.1415........)
inverse debye length
angular frequency (Hz)
angular resonance frequency o f the cantilever
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CHAPTER 1
INTRODUCTION TO ATOMIC FORCE MICROSCOPY

1.1 Introduction
In 1986, Binning, Gerber, and Quate invented the Atomic Force Microscope (AFM) and
received the Nobel Prize for physics [1], AFM is the foremost device which provides 3D
morphological and ultra-structure images o f sample surfaces at very high resolution. It is
also a unique tool for nano scale measurements such as sample imaging o f physiological
conditions, interfacial force measurements between sample and liquid interface, and nano
indentation for soft and hard materials [2-6]. At the beginning stage, AFM worked in
static mode, which involved the microscope’s probe scanning along the sample surface at
a constant height. Martin, Williams and Wickramasinghe developed dynamic mode AFM
in 1987 [7]. In this mode, the mechanical probe, which works as a sensing element,
oscillates above the sample surface. AFM resolution is 1000 times finer than the normal
optical microscope. It has many advantages over the scanning electron microscope
(SEM) and the Transmission Electron microscope (TEM). AFM operates in liquid, air
and vapor environments; whereas SEM and TEM cannot run in liquid environments. In
order for the SEM to operate, it must have a high electric field and vacuum environment.
Two consequences o f using the SEM are increased operating costs and destruction o f
biological cells; whereas AFM operates in ambient conditions and preserves biological
morphology. One could not get true images in SEM and TEM because the samples need
to be coated with conductive materials; whereas AFM does not require such special
sample preparations. Height images are generated by the AFM probe o f the sample
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surfaces. The outstanding feature o f the atomic force microscope is that it obtains the
images at atomic level, enabling new discoveries in many fields such as nanotechnology,
life sciences, material science and biotechnology.

Figure 1.1: Photograph o f the nanonics AFM setup at ODU biomicrofludics lab.

1.2 AFM Components
AFM typically consists o f cantilever, probe, feedback controller, detection mechanism,
image processing unit, upper and lower scanner. Figure 1.1 shows a photograph o f the
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Nanonics AFM setup at ODU Biomicrofluidics Lab. Figure 1.2 shows different
components o f AFM.

Laser
D etector

Feedback
Electronics

Cantilever,

Scanner
Figure 1.2: Different components o f AFM.

1.2.1 AFM Cantilevers

The cantilever is usually a few millimeters in length, a few microns thick, and is flexible
and strong. Cantilevers are fabricated with micro fabrication techniques such as
lithography and etching methods [8-10]. Most o f the AFM cantilevers are made o f silicon
and silicon nitride and are rectangular and V-shaped [11-15], Researchers use micro and
nano fabricated cantilevers that are specific to certain types o f work for optimal
measurements such as resonance frequency, quality factor and spring constant.
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1.2.2 Tips
AFM image resolutions depend on the size and aspect ratio o f the tip [16-19]. Tips are
made from different materials such as silicon, silicon nitride, quartz, single wall carbon
nano tube, etc [12-13]. They are pyramidal, parabolic and round shaped; and the tip apex
is slightly round shaped. The tip’s radius varies from 2 nm to 10 microns. Through a
variety o f micro and nano-fabrication techniques, AFM probes are made in a clean room.
Special care is needed since deformations in the desired tip geometry can produce image
artifacts. The tip size influences resolution as well; a larger probe radius gives less
resolution and a small probe gives higher resolution. For example, one cannot image 60
nm collagen fibers using a 1 micron radius probe. In such a case, using smaller probes is
preferred as they can provide the desired resolution. Figure 1.3 shows the AFM tip and
cantilever.

Figure 1.3: SEM images o f AFM tip and cantilever (Left SEM Images taken from Nano
and More GMBH Website,www.nanoandmore.com/AFM-Probe-ISC-125C40-R.html and
right SEM images are from Nanonics).
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1.2.3 Scanner
AFM has two scanners- one is the upper scanner and the other is the lower scanner. They
are made o f piezoelectric elements. They are very small and work very precisely during
scanning. Piezoelectric materials expand and contract under applied voltages. The
scanner has three independent electrodes in X, Y and Z directions, so they can move
precisely in three directions when the tip scans the sample’s surface.

1.3 AFM’s Working Principal
AFM is a new technique compared to other microscopy methods. Forces act between the
tip and sample when the tip approaches the sample surfaces. During the process, the
cantilever is deflected, as expected through Hooke’s law. Cantilever deflection can be
measured in various ways. The common one is the beam bounce method. Laser light is
reflected from the top surface o f the cantilever and detected into a photodiode [20].
Another AFM working technique is piezoelectric cantilevers. Using the micro fabrication
process, these cantilevers are made o f piezoelectric materials. The main features o f these
materials are to expand or contract with applied voltage, like a strain gauge. The
cantilever is deflected when AFM piezoresistive cantilevers are brought too near or touch
the sample surface. The amount o f cantilever deflection can be measured using
Wheatstone Bridge Principal.

1.4 AFM Scan Mode
There are two basic ways in which AFM imaging can be performed: one is the static (or
contact) mode and the other is the dynamic mode. Dynamic mode can also be divided
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into non-contact mode and tapping mode. Figure 1.4 shows repulsive force experienced
in contact mode operation, attractive force experienced in non-contact mode operation,
and attractive as well as repulsive forces experienced in the tapping mode operation.

A

Force

Interm ittent contact
Repulsive force;
Contact
Distance
(Tip to sample distance)

\7
A ttractive forces

Figure 1.4: Attractive and repulsive forces experienced in different scanning modes
(http://pafezov.gloxx.com/?c ^ & p ^ Q P ).

1.4.1 Contact Mode
Static mode is also known as the contact mode. In contact mode, the tip is dragged above
the sample surface and generates height images. In contact mode scanning, the overall
force is repulsive. It is the easiest mode o f scanning operation. It takes less scanning time,
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and tip loading forces are controlled more accurately. In contact mode, the AFM tip
touches the sample, and as a result, the tip loading force is high. However, it can
manipulate a biological sample as the tip touches the surface [21]. AFM probes degrade
over time, resulting in a build-up o f artificial images, leading to a need for replacements.
After detecting the cantilever deflection, the AFM can generate image data in two ways:
one is the constant-height mode and the other is the constant-force mode.

The Constant Height Mode
In constant height mode, change o f the cantilever deflection is used to generate height
images, and the height o f the scanner is fixed during the scanning. The advantage o f
constant height mode is that it generates topographic images at an atomic scale. For this
mode, the tip and surface interaction force varies from 10'10 to 10‘8 N for scanning. Flat
surfaces are preferable for this mode. The main disadvantage o f this mode is that the
probes can collide with the surface if one scans with a constant height, increasing the
chance o f both generating artifacts and damaging the probe. This problem can be solved
by applying a feedback mechanism in constant force mode.

The Constant Force Mode
The constant force mode is useful for most applications. In this mode, deflection o f the
cantilever is constant but the scanner moves up and down. The interaction force between
the tip and the sample is constant, and the tip and sample distance is always adjusted with
the help o f the feedback mechanism. In this mode, scanning speed is slow due to the
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feedback circuit response. As a result, there are possibilities for thermal drift for slow
scanning speed, and noise occurs during the scanning.

1.4.2 N on-C ontact M ode
In non-contact mode, the tip does not touch the sample surface. There is no tip or sample
degradation, which is a typical problem occurring in the contact mode operation. At
resonance frequency the cantilever tip is oscillating above the sample surface. The
amplitude o f the oscillation is less than 10 nm where the Van der Waals force is strong.
Long range forces such as electrostatic forces are present between the tip and the sample
in this case. The resonance frequency o f the cantilever decreases due to long range forces,
and it can increase by adjusting the average distance between tip and sample. Tip loading
forces are low, and there is no sample manipulation and no contamination o f AFM tip
because the tip does not touch the sample surface. Topographic images are generated by
scanning software and every (x, y) data is collected from tip and sample distance [22].

Contact and non-contact mode topography images are not the same for hard surfaces. In
ambient conditions, sometimes there is a thin liquid monolayer above the sample
surfaces. In this case, the images o f contact and non-contact mode are different. In the
contact mode, the tip penetrates the liquid surfaces to generate the underlying surface
image. In non-contact mode, images are generated above the liquid surface. If we scan
the sample surface several times by the contact mode method, there is the possibility o f
damage to the tip. On the other hand, the tips do not suffer from this problem in noncontact mode operations. From the above discussion we can say that non-contact mode is
preferable for scanning biological cells and tissues.
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Frequency and amplitude modulation are included in the dynamic mode operation. By
changing the oscillation frequency we obtain the sample topography from the frequency
modulation mode. Advantages o f the frequency modulation mode are that it provides
atomic level resolution and can be used with a very stiff cantilever, which gives high
stability above the sample surface. Amplitude modulation can be used in both noncontact and tapping modes. By changing the phase oscillation we can distinguish
different types o f materials using the amplitude modulation mode.

1.4.3 T apping M ode
Tapping mode is also known as the intermittent contact mode. From the name, the AFM
tip periodically touches the sample surface. In tapping mode, the cantilever is oscillating
at resonance frequency by piezoelectric materials. These materials are attached on the
AFM tip holder. In non-contact mode, the cantilever can oscillate with amplitude o f 10
nm; whereas in tapping mode the cantilever oscillation amplitude can be as high as 100
nm. The interaction forces between the tip and sample increase when the tip comes very
close to the surface. In tapping mode, the tip loading force is very low and the tip touches
the surface periodically. In this mode, the tip can manipulate the sample and there is the
possibility o f contamination o f the tip as the tip touches the surface. In this mode, three
types o f data are collected: height, phase and amplitude.

Height Data
The cantilever is excited by resonance frequency through the piezo-electric drive, and the
oscillation amplitudes are used for generating height images. When the tip scans the
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surfaces, its vertical position changes and these changes are controlled and monitored by
the xyz scanning piezo-tube.

Topography images can be generated by changing the z-axis. These data are good enough
for height imaging but they do not show the clear edge o f the samples. Figure 1.5 shows
Jurkat cell AFM height image in air. These Jurkat cells are fixed above poly lysine cover
slips. The bio samples were collected from ODU Frank Reidy Bioelectrics Center.

Figure 1.5: 17.4 x 17.4 pm AFM Jurkat cells height image.

Phase Data
Phase images can be generated from the change o f the phase offset or phase angle. Phase
change between the two signals is set to zero when the tip is oscillated high above the
sample surface. Phase change occurs when the tip touches the sample. Phase angles o f the
two signals also change when it scans at different elasticity o f the materials. These phase
changes are plotted and called phase imaging. Figure 1.6 shows Jurkat cell AFM phase
image in air. The AFM height images are not as clear as the phase image.

Figure 1.6:17.4 x 17.4 (im AFM Jurkat cells phase image.

1.5 A dvantages
AFM has several advantages compared to the optical, transmission electron and scanning
electron microscopes. AFM generates 2D and 3D images where SEM can only generate
2D images. SEM requires special surface treatment that may change the original
topography o f the samples, but AFM does not require these treatments. AFM works in air
and liquid as well as in a vacuum. On the other hand, SEM works better in a vacuum.
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Only AFM can execute all types o f engineering applications like force, electrical, thermal
measurements. AFM gives us true atomic level topography images with very high
resolution. TEM is also a powerful microscopy tool, which has nanometer scale
resolution. However, TEM cannot work in liquid, and sample surfaces must be ultra-thin
so that electrons can pass through the sample surfaces. AFM does not have such
restrictions like TEM. Optical microscopy resolution is 1000 times lower than AFM. It is
only used for imaging purposes. AFM can be used for electrical, thermal and mechanical
measurements, while TEM, SEM and optical microscopy cannot perform these special
measurements.

1.6 D isadvantages
To scan sample sizes on the order o f 20 x 20 micrometers, AFM takes about 30 minutes;
whereas SEM would image that size sample in a few minutes. Another disadvantage is
that AFM can only scan about 35 x 35 micrometers at a time, but SEM can scan square
millimeters. Furthermore, there are possibilities o f creating thermal drifts for this slow
scanning speed, resulting in artificial images. Some o f the AFM images have image
artifacts and these are introduced by broken tip, rough sample surface, coarse tip and
unfavorable operating conditions. Nowadays, these problems can be eliminated by using
image processing software. One more disadvantage is the difficulty o f AFM to scan on
steep walls o f a sample’s surface. Rough sample surfaces require special types o f tips that
can increase AFM ’s overall cost.
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1.7 AFM Use in Biological Applications
AFM can be used for imaging biological cells. One o f the valuable features o f AFM for
biological applications is the ability o f investigating living biological tissues/cells. For
this purpose biological cells are attached above a cover slip. For hard surfaces, AFM
resolution is about atomic scale. For soft surfaces, like biological cells, AFM resolution is
about 1 nm [23]. AFM is widely used to obtain cell morphology. A number of
researchers have investigated biomechanical properties o f biological cells using AFM
[24], such as hardness, modulus o f elasticity and adhesion. AFM can also detect DNA.
Nowadays, researchers use AFM for the study o f cancer cells, which exhibit different
properties from normal cells in their stiffness, growth, mechanics and morphology.
Optical and confocal microscopies are also used for imaging cells, but they cannot detect
cells’ stiffness, morphology, mechanics, ultra-structure and interaction between cells.
Hence, AFM becomes the foremost tool for biological cell study. The following
paragraph only lists some examples o f the use o f AFM to determine the mechanical
properties o f cartilage samples.

Stolz et al. [25] measured the modulus o f elasticity o f articular cartilage at micro and
nano size AFM probe. They showed that micron sized probes cannot image nano sized
collagen straws. Heim et al. [26-27] investigated native collagen fibrils’ modulus o f
elasticity as 1-2 GPa. Yang et al. [28] determined cross link collagen-fibrils’ young
modulus as 3.8 GPa and native collagen fibrils’ modulus o f elasticity as 1.4 GPa. Yang et
al. [29] measured type-1 collagen fibrils bending modulus ranging from 1 to 3.9 GPa.
They also measured shear modulus 74 MPa in air, and 3.4 MPa in PBS buffer. Stacey et
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al. [30] measured human costal cartilage modulus o f elasticity at ambient condition and
in PBS buffer as 2.06 GPa and 23 MPa, respectively. Wenge et al. [31] obtained Young
modulus o f elasticity o f rat tail type-1 collagen fiber ranging from 5 GPa to 11.5 GPa at
ambient conditions. The biomechanical properties o f Cancer cells were investigated [3235].

1.8 Use of AFM to Measure Interaction Force
Surface forces between liquid and solid interfaces play a vital role in colloidal sciences.
AFM has been used to measure surface forces between the approaching AFM tip and
sample surface [36]. Islam et al. [37] introduced the surface charge regulation model.
Sample surface was ionized when AFM probes were immersed in liquid due to ionization
process. In their model, they showed surface charge variation due to the change in pH
and ionic concentration. Ducker et al. [38] also made interfacial force measurements
between 3.5 micron AFM probe and flat surface. They showed how the force curves vary
with changing ionic concentration and pH values. Li et al. [39] performed surface force
measurements between pairs o f micron size polystyrene spheres at different ionic
concentrations. They showed long range repulsive forces below 0.01M KC1 solution.
They also measured adhesion forces, and their results vary from experiment to
experiment. At Im M KC1 solution, they fitted their experimental data with theory and got
surface potential 87 mV and Debye length 7.7 nm. Prica et al. [40] measured interaction
forces between AFM colloidal probe and zirconia flat plate at different ionic
concentrations and pH values. They demonstrated that their results best fit with the
DLVO theory at a constant charge and a constant potential. Veeramasuneni et al. [41-42]
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made AFM force measurements between sphere silica and a alumina at different pH
values, and showed good agreements between theory and experiments. They also showed
that the interfacial forces are repulsive at high pH values and attractive at low pH values.
Hu et al. [43] measured surface force between modified colloid probes and modified gold
substrates. The gold substrate was coated with sodium dodecyl sulfate. The AFM probe
made o f silica was also modified to have negative surface charge. They fitted their
experimental results with electrostatic theory at constant charge. Kanda et al. [44] worked
on AFM force measurements in a water-alcohol solution, and measured interaction and
adhesion forces between silica and mica surfaces. They did not observe any significant
difference in the force curves between low alcohol concentrations and aqueous solution.
But at high alcohol concentrations, interaction forces decreased and the adhesion forces
were increased. Chin et al. [45] measured surface forces between AFM probe and a glass
plate in solutions. They showed long range repulsive forces and the magnitude o f the
force decreased with an increase in ionic concentration. Their experimental results
showed very good agreement with DLVO theory up to 3 nm separation distances.
Nguyena et al. [46] measured hydrodynamic forces between AFM colloid particle and a
bubble in DI water and aqueous solutions with different ionic concentrations. Their
results showed very good agreements between experimental data and the theoretical
hydrodynamic forces.
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1.9 Objectives of the Studies in this Dissertation
The objectives o f the studies in this thesis include:
1) Measurements o f topography o f hard and soft surface materials in air and
buffer solutions
2) Measurements o f mechanical properties o f polymeric materials, biological
cells and tissues
3) Measurements o f chemical properties o f biological cells in ionic
concentrations
4) Measurements of interfacial forces.

Objective 1 is achieved by measuring the topography o f silicon surface in air and buffer

solutions, followed by topography o f collagen nano straws in human cartilage under six
different preparation conditions, as well as pulsed and nonpulsed Jurkat cells.
O bjective 2 is achieved by measuring the Young modulus o f elasticity o f PDMS, collagen

nano-straws, and pulsed and nonpulsed Jurkat cells.
Objective 3 is achieved by mapping the surface charge density o f pulsed and nonpulsed

Jurkat cells.
O bjective 4 is achieved by measuring the interfacial forces between quartz AFM tips and

silica surface in various concentrations o f KC1 solutions. AFM results are compared with
predictions from the existing DLVO theory.
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1.9.1 Outline of the Dissertation
Chapter 1 describes the introduction o f Atomic Force Microscopy, working principal o f
AFM, operation mode o f AFM, AFM advantages and disadvantages, biological
applications o f AFM and the use o f AFM for interaction force measurement. Chapter 2
describe the fundamentals o f the interfacial forces and the experimental results o f the
interaction force between AFM tips and silica surfaces in 0.1 M, 0.01 M, 0.001 M and
0.0005 M KC1 solutions. Van der Waals forces are measured between AFM probe and
silica surface in DI water. Chapter 3 discusses the nano-indentation and results on
mechanical properties o f collagen nanostraws in both air and PBS buffer solution. In
addition, the diameters o f collagen nanostraws are estimated from the obtained AFM
images.

Chapter 4 investigated the effects o f nanosecond pulses on cancer cells’

morphology, mechanical and charge properties. Chapter 5 concludes the thesis with a list
o f future work.
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CHAPTER 2
AFM MEASUREMENTS OF INTERACTION FORCE IN AQUEOUS
SOLUTIONS

2.1 Introduction

Colloid means adhesive, and this word was first used by Thomas Graham in 1861 [47].
Colloidal systems have been used since the start o f human civilizations [48]. For
example, colloidal pigments were used for painting purpose during the Stone Age. Daily
necessities like soap and cosmetics were made by the manipulation o f colloidal systems.
Interfacial forces are the forces experienced between two bodies. Surface Force
Apparatuses (SFA) have been used for force measurements for the last 40 years [49-51].
Tabor et al. [52] conducted Van der Waals force measurements between two surfaces
using SFA. SFA have 1 micron resolution and the force sensitivity is 10'8N. Researchers
worked extensively to measure the surfaces forces between two microscopic samples by
SFA before the invention o f Atomic Force Microscopy [52-59]. W ith the advancement o f
cutting edge technology within AFM, researchers are better able to measure Pico-Newton
level forces with AFM [60]. AFM resolution is at the angstrom level, and the force
sensitivity is about 1-10 pN. Both AFM and SFA work similarly. The main difference
between AFM and SFA is that AFM measures force between a small probe and the
surface while SFA measures force between two macroscopic bodies. In addition to the
development o f the experimental techniques for measuring the interfacial forces, in 1941
Deijaguin-Landau and Verwey-Overbeek (DLVO) developed a theory for attractive Van
der Waals forces and electrostatic forces between two samples [61-71].
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Four basic interaction forces exist and they can be divided into two categories: the short
and long range forces. Strong and weak forces act over short ranges, while
electromagnetic and gravitational forces act over long range. The interfacial forces
include Van der Waals, electrostatic, hydration and steric forces. These forces are again
divided into short and long range forces. These forces are dominated when the AFM
probe and sample separation distance is about a nanometer. Interfacial forces between the
AFM probe and the surface depend on the Hamaker constant, surface charge, and surface
potential o f materials. Electrostatic long range forces were measured at different ionic
concentrations. Short range Van der Waals forces were measured in DI water.

Many researchers have been using the unique AFM tool for interfacial force
measurements between two surfaces. Larson et al. [72] measured interfacial force
between titanium dioxide colloid and single crystal in ionic solution. They measured
interaction forces by changing pH values and ionic concentrations. Their experimental
results show good agreement with theoretical Debye length. Vinogradova et al. [73]
measured forces between pairs o f polystyrene particles in electrolyte solution. They
observed long range repulsive forces below 0.01 M KC1 concentration. Their 0.001 M
KC1 concentration results show a good fit with the DLVO theory. Fielden et al. [74]
measured interaction force between air bubbles and silica particles in electrolyte. They
observed repulsive forces at long ranges and attractive forces when bubbles and AFM tip
distance decreases.
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Meagher et al. [75] investigated hydrophobic interaction force between modified AFM
tip and polypropylene surface in NaCl solution. They measured attractive interaction
force when the separation distance is about 30 nm. Christenson et at. [76] measured
attractive hydrophobic force between two mica surfaces in divalent solutions. In their
experiments, they used magnesium sulfate at different ionic concentrations and they also
showed interaction magnitude decreased with increasing ionic concentration. Parker et al.
[77] investigated force measurements between AFM tips and functionalized glass surface
in NaCl solution. They showed the magnitude o f the force reduced with increasing o f
high salt concentration, but the attractive force magnitude increased. Kokkoli et al. [78]
found that the strength o f attractive force decreased when adding ethanol to water. They
also showed hydrophobic attractive force magnitude close to the Van der Waal when
ethanol mole fraction increased about 75%. Dorobantu et at. [60] performed a force
measurements investigation between AFM tip and gold surface. Both surfaces are
functionalized with bacteria. Their results showed very good agreement with extended
DLVO theory.

Colloidal science, biomolecular transport and drug delivery mostly used silica particles
[79-88]. One o f the objectives o f this study is to get the fundamental understanding o f
nano particles in salt concentration at a very small scale. In this study, we quantify the
force magnitude between micro and nano sized probes and a smooth flat surface under
salt solutions. We also figured out the force trend in varying salt concentrations. In this
study, we investigated how ions changes in solution with increasing salt concentrations.
Our study shows that charge density increased with increase o f ionic concentrations.
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2.2 Method and Materials

2.2.1 Sample Preparation
The sample surfaces were taken from a big silica wafer (Montco Silicon Technologies,
San Jose, CA, USA) and it was cut into 1 cm x 1 cm. These silica surfaces were sonicated
with 1 M KOH (Acros Organics, New Jersey, USA) solution for about 15 minutes. Then
these samples were rinsed with DI water for about 2 to 3 minutes. The sample surfaces
were sonicated with acetone for about 15 minutes. After this step, the samples were
rinsed with acetone (Fisher Scientific, Pittsburgh, PA, USA) followed by DI water for
about 2 to 3 minutes. These sample surfaces were then sonicated with isopropanol (Fisher
Science Education, Pittsburgh, PA, USA) for another 15 minutes; after this process, they
were rinsed with isopropanol and DI water for about 2 to 3 minutes. Finally, sample
surfaces were sonicated with DI water following a 15 minute rinse with acetone, ethanol
and DI water. These samples were dried with an air gun and then put above a hot plate at
120 °C for 3 minutes. These sample surfaces were kept in the clean boxes so that dust
could not deposit above sample surfaces. Before the experiments, I kept these samples
above the microscopic sample holder. AFM probes, made o f fused silica, were bought
from Nanonics, Israel.
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2.3 DLVO Theory

2.3.1 Van der Waals Force
Van der Waals forces are the sum o f attractions and repulsions between atoms, not
counting ionic electrostatic interactions or those o f covalent bonding [89]. An
Electromagnetic field is created when two particles approach each other at less than 10
nm apart and electrons move between particles. Van der Waals forces consist o f three
different kinds o f forces such as Keesom force, Debey force and Dispersion force [90].
Dipole-dipole interactions between atoms or molecules are also known as Keesom forces.
The interaction potential is [90]

w(r) = -----------^ ----------= - %
W
3(4 xee0)2 kBTr6
r6

(2.1)

Where w (r) is the Keesom potential energy, kBis the Boltzmann constant, T is the
temperature, r is the distance between atoms, C K is Keesom coefficient, e is the relative
dielectric constant, s 0 is the dielectric constant o f vacuum, w,2 is the dipole moments o f
one molecule, u\ is the dipole moments o f another molecule, and % is the constant.
Dipole-induced dipole interactions between atoms or molecules are also known as Debye
forces. The interaction potential is [90]

[Anss^) r

r

(2-2>

w ( D ) is the Debye potential, a 0 is the electronic polarizability, r is the distance, C D is

Debye coefficient and u is the dipole moment.
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Another name for the Dispersion force is London force. Dispersion forces are
nonadditive and bring atoms or molecules closer as well as align them. Dispersion force
interacted between instantaneous dipole-induced dipole. The interaction potential is [90]
w[L) = - l - a ^

2 ( 4 tts0) r 6 (o} + u 2)

%

( 2 .3 )

r

w ( L ) is the dispersion potential, h is Planck constant, u,u2are the frequency o f the

electron, CLis London coefficient, a Q] is the electronic polarizability o f one molecule,
and a 02 is the electronic polarizability o f another molecule.
The most simplified approximation o f the Van der Waals force between a sphere and a
flat surface is [90]

* - - § ■

(2.4)

In the above, R is the radius o f the sphere, A is the Hamakar constant, and h is the
separation distance.

2.3.2 Electrostatic Force

Due to the ionization or dissociation process, solid surfaces become charged in aqueous
solutions [90]. These ions on the silica surfaces are attracted by the equal and opposite
charged ions in liquid and are distributed very close to the silica surfaces. Consequently,
electrical double layers form between the liquid and silica surface. The thickness o f the
double layer depends on the ionic concentration and varies from less than a nanometer to
hundreds o f nanometers. The AFM probe also becomes charged when it is immersed in
liquid. Electrostatic force occurs when the double layer o f AFM tip overlays with the
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double layer o f the silica surface. The electrostatic force becomes repulsive when the
surface charges o f AFM tip and silica surface are similar.
Poisson equation is used to describe the potential distribution in the gap between the
AFM tip and the silica surface,
e e ^

(2.5)

=-pf .

In the above, 'P is the electric potential within the electrolyte solution, s is the relative
permittivity o f the solution, and p f is the free charge density.
The free charge density is [90]
N

p f = Y . z <ent *
/=!

(2-6)

With e being the charge o f electron, nt and z, being the ionic concentration and valance
o f the ith species, and N being the total number o f ions in the solution.
Without external field, the ionic concentration is governed by the Boltzmann distribution,

n, = nia exp

f

z .e ^

V kkbT
1 y

(2.7)

With nia being the bulk ionic number concentration for the ith species.
The corresponding Debye length for binary z:-z electrolyte solution is

< " 4

=^

.

(2.8)

The Osmotic pressure is described by
- p f Vii/ = V p .

(2.9)
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When the surface pontials or charge densities o f the two objects are relatively low, Butt et
al. [91] derived the electrical double layer force at constant potentials and surface charge
densities,
-h /

2.7tR s £q

-2 h /

Al>-(Vl +y^e /A°

ED I

(2 . 10)
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2.3.3 Derjaguin-Landau-Verwey-Overbeek (DLVO) Theory

In colloidal science, particles coalesce or flocculate depending on the combination o f
attractive and repulsive forces.

This idea was first developed by the Deijaguin and

Landau in 1941 and in 1948 Verwey and Overbeek presented similar results. DLVO
theory is based on electrostatic force and Van der Waals’s force in liquids [92-115]. For
DLVO theory, surface charge density and potentials are constant for two interacting
bodies [116-125].

DLVO force objects for constant potentials [94]:
-h /
AR InRee 0
P = ------- _-|-------------- 2'F0vi y A) - ( ^ + ^ ) c

6h
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(2. 12)

DLVO force for objects with constant charges [94]:

-h /
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2.4 Results
All AFM experiments were carried out by commercially available Nanonics Multiview4000 multi-probe AFM. Interfacial forces were measured between AFM tip with 10 nm
radius o f curvature and silica surface at different KCL solution. For AFM image
calibration, I used the standard silicon grid imaging. The AFM scanning images were
taken in air at room temperature. The scanning speed was 30 microns per second. Before
imaging the sample surface, we waited for 30 minutes to stabilize the system. I checked
resonance frequency and quality factors o f the AFM tip. The resonance frequency was
31,580 Hz and quality factor was 1,058. These values were matched with the
manufacturer’s values. The AFM nano tip radius o f curvature was 10 nm. Figure 2.1
shows the silicon grid AFM topography image. The AFM scanning area was 30 micron x
16.1 micron.

Figure 2.1: Silicon grid AFM topography image.
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Figure 2.2 shows the silicon grid height profile at the specific area (green solid line in
Figure 2.1).The silicon grid height is about 120 nm, which was obtained from the vendor.
My AFM silicon grid images showed very close value.
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Figure 2.2: Silicon grid height profile.

Before doing interfacial force measurements, we examined silica surfaces roughness. The
AFM scanning images were taken in air at room temperature. The AFM scanning area is
10 x 10 p m 2. The scanning speed was 20 micron per second. Figure 2.3 shows the silica
surface AFM topography image. The resolution o f the AFM image is very high and its
vertical resolution is less than 1 nm.
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4.38 nm

Figure 2.3: Silicon wafer 1 0 x 1 0 pm AFM topography image.

Interfacial forces were measured between AFM tip with 10 nm radius o f curvature and
silica surface at different KCL solution.

2.4.1 Force Measurements using Colloid Probe
The colloid probe was made of quartz. The interaction force between the A FM ’s colloidal
tip and silica surface was measured in 0.1M KCL solution. Figure 2.4 shows the
experimental results along with fitted curves by the DLVO theory with constant surface
charge densities. The solid red line represents the theoretical results, and the solid blue
line represents the experimental one. The experimental curve shows a maximum force o f
about 2.2 nN when the probe reaches to the sample surface. The double layer thickness is
about 0.96 nm at 0.1 M KCL solution, and hence, the electrical double layer forces are
experienced when the AFM tip and the substrate are about 2 nm apart. Figure 2.4 shows
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repulsive forces due to the similarly charged surfaces. The experimental curve was fitted
with the DLVO theory with constant surface charge densities by using a Matlab code to
estimate the surface charge densities o f the probe tip and the silica substrate. Table 2.1
shows the surface charge densities o f the AFM tip and silica surface. The maximum tip
surface charge density was -0.013318248 C/m2 and the minimum was -0.012455295
C/m2. The maximum silica surface charge density was -0.013319725 C/m2 and the
minimum value was -0.012452229 C/m2. The average and SD curve fit results in tip and
silica surface charge densities o f -0.01287 (± 0.00036) C/m2 and -0.01287 (± 0.00036)
C/m2, respectively.

0.1 M KCL Exp. Data
Theory

10

20

30

40

Seperation Distance (nm)
Figure 2.4: Force versus separation distance experimental curve fitted with theory in
0.1M KCL solution using colloid probe.
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Table 2.1: Tip and silica surface charge density in different experiments at 0.1 M KCL
solution.
No o f Experiments
Silica Surface Charge
Tip Surface Charge Density
(C/m2)
Density
(C/m2)
1
-0.012455295
-0.012452229
2
-0.013318248
-0.013319725
-0.012796564
-0.012794662
3
4
-0.012917552
-0.012915556
Avg. (±SD)
-0.01287 ( ± 0.00036)
-0.01287 (± 0.00036)

In 0.01M KCL solution, interaction forces were measured between the AFM colloid tip
and the silica surface. Figure 2.5 shows experimental results along with the DLVO theory
fitted curves. The solid red line represents the theoretical results, and the solid blue line
represents those o f the experiment. The experiment curve shows a maximum force o f
about 3.75 nN when the probe reaches the sample surface. The double layer thickness is
about 3.06 nm at 0.01 M KCL solution, and hence, the electrical double layer forces are
experienced when the AFM tip and the substrate are about 6 nm apart. The AFM tip and
silica surface densities are listed in table 2.2. The maximum tip surface charge density
was -0.009114434 C/m2 and the minimum was -0.007809534 C/m2. The maximum silica
surface charge density was -0.009114456 C/m2 and the minimum value was 0.007808818 C/m2. The average and SD o f the tip and silica surface charge densities are 0.00861 (± 0.0007) C/m2 and -0.00861 (± 0.0007) C/m2, respectively.
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Figure 2.5: Force versus separation distance experimental curve fitted with theory in 0.01
M KCL solution using colloid probe.

Table 2.2: Tip and silica surface charge density in different experiments at 0.01M KCL
solution.
Tip Surface Charge Density
Silica Surface Charge
No o f Experiments
Density
(C/m2)
(C/m2)
-0.009114434
-0.009114456
1
-0.008915694
-0.008915695
2
-0.007809534
-0.007808818
3
-0.00861 (± 0.0007)
Avg. (±SD)
-0.00861 (± 0.0007)

Figures 2.6 and 2.7 depict, respectively, the interaction force in 1 mM and 0.5 mM KC1
solutions, and the estimated surface charge densities are shown in Tables 2.3 and 2.4.
Obviously, as the salt concentration decreases, the EDL thickness increases, yielding
more significant interaction. Figure 2.9 shows the interaction forces as a function o f the
separation distance at different KC1 concentrations. As KC1 concentration dercreases,
EDL thickness increases, resulting in high interaction force at larger separation distances.
Figure 2.10 shows the silica’s surface charge density as a function o f the ionic
concentration. Under the considered conditions, the silica surface is negatively charged.
As the salt concentration decreases, the magnitude o f the surface charge density
decreases. This observation qualitatively agrees with the predictions made by Atalay et
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Figure 2.6: Force versus separation distance experimental curve fitted with theory in
0.001 M KCL solution using colloid probe.

Table 2.3: Tip and silica surface charge density in different experiments at 0.001M KCL
solution.
Silica Surface Charge
No o f Experiments
Tip Surface Charge Density
Density
(C/m2)
(C/m2)
-0.003574139
-0.010810789
1
-0.00706371
-0.007064141
2
-0.006843018
-0.006842919
3
-0.00583 (± 0.00195)
-0.00824 (± 0.00223)
Avg. (±SD)
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Figure 2.7: Force versus separation distance experimental curve fitted with theory in
0.0005 M KCL solution using colloid probe.

Table 2.4: Tip and silica surface charge density in different experiments at 0.0005M KCL
solution.
Tip Surface Charge Density
Silica Surface Charge
No o f Experiments
Density
(C/m2)
(C/m2)
-0.002430071
-0.013056099
1
-0.002906252
-0.012296685
2
-0.014398812
-0.0011996
3
-0.00218
(± 0.00088)
-0.01325
(±
0.00106)
Avg. (±SD)
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Figure 2.8 demonstrates curves o f force versus separation distance fitted with theoretical
curves in different KCL concentrations with the use o f a colloidal probe.

The KCL

concentrations o f 0.1, 0.01, 0.001 and 0.0005 M were matched with theoretical ones, and
both agree. In higher concentrations, like 0.1 M KCL solution, the double layer thickness
is 0.9 nm; as a result, electrostatic forces were experienced at about 2 nm apart and had
shown a lower magnitude o f force. On the other hand, at a lower concentration like
0.0005 M, the KCL concentration had a higher magnitude o f force.
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Figure 2.8: Four different KCL concentrations force versus separation distance
experimental curve fitted with theory.
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Figure 2.9 is o f the silica surface charge density versus a differential ionic concentration
curve. The lower ionic concentration predicted a lower amount o f charge density. In the
0.005 M KCL solution, charge density is -0.00218 C/m2. The charge density increased
with increasing ionic concentration. At higher ionic concentrations, it exhibited a higher
density whereas in the 0.1 M KCL concentration it showed that the silica surface density
was -0.01287 C/m2.

-

0.002

Charge Density

-0.004
CM

<

J

-0.006

| -0.008
d>
Q
<D
2> - 0.010
(0
JZ
o

-

0.012

-0.014
1E-3

0.01

0.1

KCL Concentration (M)
Figure 2.9: Charge density versus different KCL concentrations using colloid probe.
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2.4.2 Force Measurements using Nano Probe
The AFM nano tip was made o f quartz with the curvature radius o f 10 nm. Figures 2.102.13 depict the interaction forces between the nano tip and flat silica surface at various
KC1 concentrations. The experimental force-separation distance curves are fitted with the
DLVO theory with constant surface charge densities, and the estimated surface charge
densities are shown in Tables 2.5-2.8. Figure 2.16 depicts the surface charge density o f
the silica flat surface as a function o f the salt concentration. In Figure 2.16, the black line
with squares represents the results obtained from the previous section using micron-sized
AFM probe, while the blue line with squares represents the results obtained with the
nano-sized AFM probe. Obviously, the magnitude o f the surface charge density o f
silica’s surface obtained with the nano-sized tip is higher than that obtained with the
micron-sized AFM probe. Since silica surface is charge regulated, its charge properties
depend on the local solution properties such as salt concentration and pH. The
observations also qualitatively agree with the theoretical results obtained by Atalay et al.
[126]. Results from both micron- and nano-sized probes show that the surface charge
density increases as the salt concentration increases.
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Figure 2.10: Force versus separation distance experimental curve fitted with theory in 0.1
M KCL solution using nano probe.

Table 2.5: Tip and silica surface charge density in different experiments at 0.1 M KCL
solution.
surface Charge Density
surface Charge Density
No o f Experiments
(C/m2)
(C/m2)
-0.01933123
-0.019262881
1
2

-0.01989913

-0.019866338

3

-0.02020149

-0.020155317

Avg. (±SD)

-0.01979 (± 0 .0 0 0 4 8 )

-0.01978 ( ± 0.00042)
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Figure 2.11: Force versus separation distance experimental curve fitted with theory in
0.01 M KCL solution using nano probe.

Table 2.6: Tip and silica surface charge density in different experiments at 0.01M KCL
solution.
Experimental
Tip Surface Charge Density
Silica Surface Charge
(C/m2)
Density
(C/m2)
1
-0.011619128
-0.011582201
2

-0.011872085

-0.011864888

3

-0.011486689

-0.011190537

4

-0.012213051

-0.01220581

Avg. (±SD)

-0.0118(± 0.00032)

-0.01171 ( ± 0.00043)
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Figure 2.12: Force versus separation distance experimental curve fitted with theory in
0.001 M KCL solution using nano probe.

Table 2.7: Tip and silica surface charge density in different experiments at 0.001M KCL
solution.
Experimental
Tip Surface Charge Density
Silica Surface Charge
(C/m2)
Density
(C/m2)
1
-0.015386465
-0.005745121
2

-0.015462142

-0.004507068

3

-0.013071774

-0.007704033

Avg. (±SD)

-0.01464(± 0.00136)

-0.00599(± 0.00161)
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Figure 2.13: Force versus separation distance experimental curve fitted with theory in
0.0005 M KCL solution using nano probe.

Table 2.8: Tip and silica surface charge density in different experiments at 0.0005M KCL
solution.
Tip Surface Charge Density
Silica Surface Charge
Experimental
Density
(C/m2)
(C/m2)
-0.002777057
1
-0.017078161
2

-0.017313576

-0.001587851

3

-0.01575993

-0.003525419

Avg. (±SD)

-0.01672 (± 0.00084)

-0.00263(± 0.00098)
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Figure 2.14 shows force versus separation distance curves fitted with theory in different
KCL concentrations using the nano-probe as opposed to a colloidal probe. The KCL
concentrations are 0.1, 0.01, 0.001 and 0.0005. In each condition, experimental curve was
fitted with theory. Experimental curves were fitted with electrical double layer theory. All
o f the experimental curves have good agreement with theory. In higher concentration like
0.1 M KCL solution, double layer thickness is 0.9 nm; hence, electrostatic force were
experienced about 2 nm apart, showing a lower magnitude o f force. On the other hand, at
lower concentrations like 0.0005 M KCL, concentration has higher magnitude o f force.

0.1 M KCL Exp Data

Theory
0.01 M KCL Exp Data
Theory
o
o

0.001 M KCL Exp Data
Theory
0.0005 M KCL Exp Data
Theory

20

30

Seperation Distance (nm)
Figure 2.14: Force versus separation distance different experimental curves fitted with
theory in different KCL solution using nano probe.
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Figure 2.15 shows the silica surface charge density versus different ionic concentration
curve. In the lower ionic concentration predicted lower amount o f charge density. In the
0.005 M KCL solution, charge density is -0.00263 C/m2. The charge density increased
with increasing o f ionic concentration; the density increased with the higher ionic
concentration as well. 0.1 M KCL concentration shows silica surface density was 0.01978 C/m2.
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Figure 2.15: Charge density versus different KCL concentrations using nano probe.
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Figure 2.16: Comparison between nano probe and micron probe surface charge density
mapping above the silicon wafer in different ionic concentrations.

Figure 2.16 shows charge density measurements in different ionic concentrations using
different sizes o f AFM probe. It also shows how charge density varies within ionic
concentrations. Both micron and nano size probe charge density increased with
increasing o f ionic concentrations. The qualitative increase o f charge density with higher
ionic concentrations agrees with theoretical results got by Atalay et al. [126].
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2.4.3 Van der Waals Forces in DI water
AFM experiments were carried out in DI water by using the nano-sized AFM probe with
radius o f curvature about 10 nm to measure the Van der Waals force. Figure 2.17 shows
the force versus the separation distance in DI water, and attractive Van der Waals force is
observed when the separation distance between the tip and the flat silica surface is very
close. The measured force is fitted by the Van der Waals theory (symbols in Figure 2.17)
to estimate the Hamaker constant. Based on the fit o f the last part o f the force curves, the
estimated Hamaker constant is A= 1.99 X 10'I9J. Hu et al. [127] investigated Van der
Waals force measurements between silica and gold surface in DI water, and their
Hamaker constant is A= 1.6 X 10'I9J, which is close to our result.
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Figure 2.17: Force versus distance curves in DI water and fit based on the Van der Waals
theory.
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2.5 Conclusions
In this chapter the Van der Waals force between the AFM probe and silica surface in DI
water was measured and fitted to estimate the Hamaker constant. The interaction forces
between the AFM probe made o f silica and silica surface in various KC1 solutions were
systematically measured using both micron- and nano-sized AFM probes. The measured
force-distance curves were fitted with the DLVO theory with constant surface charge
densities on the interacting objects. In general, the DLVO theory fits very well with the
measured forces under various conditions. The obtained surface charge density increases
as the salt concentration increases. In addition, the surface charge density o f the silica
surface obtained from the nano-sized AFM probe is higher than that from the micron
sized probe under the other same conditions. The obtained experimental results
qualitatively agree with the theoretical predictions obtained from our group. The results
clearly show that silica is charge-regulated and its charge properties depend on the local
solution properties, which depend on pH, salt concentration, and nearby interacting
objects.
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CHAPTER 3
NANO-MECHANICS OF POLYMERIC MATERIALS AND COLLAGEN
NANOSTRAWS

3.1 Introduction
Atomic Force Microscopy (AFM) has been used to study multiple types o f materials
using imaging and force measurements with atomic scale resolution [128-129]. This is
invaluable, especially with regards to characterization o f polymeric and biological
materials [130-144]. AFM was used to image Cartilages at nano scale and nano
mechanical properties were measured [145-158]. In this chapter, we describe different
nano-indentation theories and contact mechanics models as they apply to measuring the
bio-physical properties o f ‘nanostraws’ o f collagen. Samples o f costal cartilage exposed
to six different types o f treatment were extracted and then brought to the lab for
preparation before testing. The collagen fibrils were imaged in both air and buffer
solutions at nanometer resolution and their nano-mechanics were measured using an
AFM nano-indenter.

Costal cartilage is the bridge between bony ribs and the sternum. A clear example can be
found in Pectus Excavatum (PE), a disease characterized by a deformity in the chest wall
which causes the chest to appear caved in. This condition typically increases in severity
in adolescent years and beyond, where it can impair cardiac and respiratory functions,
also affecting one’s back if pronounced enough. Nearly 1 in 400 possesses some form o f
a pectus deformity and their symptoms can worsen with aging. Collagen is a protein that
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is one o f the principle components o f connective tissues within the body; it gives strength
and structural support for connective tissues within their extracellular matrices. Different
tissues have different diameters o f collagen fibrils, ranging from nanometers to
micrometers. Collagen is worth studying to give insight to diseases that affect connective
tissues. Knowing collagen mechanics can help the treatment o f the diseases that affect it.
Another protein found in the extra-cellular matrix is elastin; it is the component which
gives elasticity to the skin and tissues o f the cardiopulmonary system. Both o f these
proteins play a large part in the mechanics o f cartilage, especially costal cartilage which
we would like to study specifically. It bridges the bones between the ribs and sternum,
protecting vital parts as well. Our research can help address the gap in knowledge that
exists towards a nano-scale characterization o f the fibers that support the tissue.

3.2 Materials

3.2.1 Sample Preparation
Human costal cartilage samples were received from patients at the Children’s Hospital o f
the King’s Daughter, Norfolk, VA, USA. The samples were removed surgically and
treated according to an IRB approved protocol at Eastern Virginia Medical School and
Old Dominion University. They were stored in a -80°C freezer and mounted in CRYOOCT Compound (Tissue-Tek, CA, USA) [30]. With the aid o f a Micron HM525 cryostat,
the samples were cut into 5, 10 and 20 micron slices. Sample slices were then attached to
coverslips using a COL2A1 mouse monoclonal antibody (sc-52658, Santa Cruz, CA) and
then fixed on cover slips with ice-cold acetone. Optical microscopy with a CCD camera
was used to image the samples. Analysis o f the samples was accomplished through the
use o f Image J.
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3.2.2 Atomic Force Microscopy
A Nanonics Multiview-4000 multi-probe AFM with a lock in amplifier and data
acquisition were used for all AFM experiments. Throughout the experimental work,
AFM nano-probes made o f quartz were used for topography imaging and nano
indentation. These AFM probes’ radius o f curvature varies from 10 nm to 200 nm
(Nanonics, Israel). The AFM operation modes available were the static and tapping
modes. However, all o f our experimental work was carried out using the tapping mode.
Topography image calibration was done with a micro-fabricated silicon grid. Before
imaging any samples, I worked on a silicon grid which has a standard size and shape for
comparison. The silicon grid’s AFM image and profile are shown in Figures 2.1 and 2.2.
Their dimensions were calibrated and matched with the manufacturer’s dimensions. All
AFM images were acquired with NWS and filtered with WSxM software. I also
performed nano-indentation o f PDMS at different indentation depths and obtained
modulus o f elasticity values which matched with comparable literature values [161]. I
used the frequency modulation dynamic mode for force measurements. All o f the
collected force data from the experiments was post-processed based on frequency
modulation force spectroscopy [162].

3.3 Results: Images of Human Costal Cartilage using AFM
Frozen costal cartilage was fixed in CRYO-OCT and a micron blade was used to cut
from it slices o f width from 5 to 20pm. These small samples were attached to cover slips
coated with poly L-lysine. Ice-cold acetone was used to fix the samples while dry so they
would not move during the AFM measurements. All AFM images were taken in air. We
had more than ten samples and scanned these samples in various places, with the scan
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size varying with time. Figure 3.1 shows undigested and fixed costal cartilage via AFM
imaging; the right side contains the height bar o f the topography image. Nano-straws
were not found everywhere within the samples, and wherever they were found, they were
oriented in different positions.

Figure 3.1: 15 x 15 pm AFM height image with scale bar o f undigested and non
homogenized costal cartilage.

In Figure 3.2 is an optical microscopy image taken in air o f a sample o f undigested and
fixed costal cartilage. This image was taken while the AFM was scanning - i.e., while the
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AFM probe oscillated above the sample surface. The red box within outlines the area
where the AFM probe scanned. In this figure, we can see round shape chondrocytes with
sizes o f about 15 micron and also noncollagenous proteins.

Figure 3.2: An optical microscopy image taken in air o f a sample o f undigested and fixed
costal cartilage.

From all o f the AFM topography images, we measured the width o f 74 nano-straws. The
mean value o f the width o f these straws is 435 nm, and the standard deviation is 64 nm as
shown in Figure 3.3.

P e r c e n ta g e

300 325 350 375 400 425 450 475 500 525 550 575

W idth (nm )

Figure 3.3: Width distribution o f non-digested and non-homogenized fixed nano-straws.

Figure 3.4 shows a 10 x 10 pm area AFM topographical image o f digested and fixed
costal cartilage taken in air. These thin biological samples were digested with 0.1 mg/ml
hyaluronidase and 0.1 mg/ml trypsin in buffer at 37° C for 48 hours [30]. The digestion
process released nano-straws from the surrounding extracellular matrix components. In
comparison, the nano-straws can be clearly seen in Figure 3.4 while they are not as clear
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as in Figure 3.1. The right hand side o f Figure 3.4 includes the height bar o f the digested
nano-straws.

470.23 nm

0.00 run
Figure 3.4: 10 x 10 pm AFM height image o f digested and fixed costal cartilage taken in
air.
Figure 3.5 is o f another optical image taken in air during AFM scanning, but o f digested
and fixed costal cartilage. In the pink box in Figure 3.5, the place where AFM scanning
had taken place is shown. In this figure, we can still see the round shape chondrocytes,
but with the absence o f the proteoglycans due to the chemical digestion process, the
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image became more clear.

Figure 3.5: Optical microscopy image o f digested and fixed costal cartilage.

Figure 3.6 gives us the nano-straw width distribution for the digested and fixed samples.
61 nano-straws’ widths were measured. The mean value is 463 nm, and the standard
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deviation is 82 nm.
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Figure 3.6: Width distribution o f digested and fixed samples nano-straws.

Figure 3.7 shows fixed, homogenized and digested costal cartilage AFM topography
images. With this sample, the nano-straws were released and are easier to see. A Fisher
Power-Gen 35 micro homogenizer was used to blend the thin section o f tissues [30],
Digestion was performed with 1 mg/ml hyaluronidase and 1 mg/ml trypsin in Sorenson’s
buffer at 37° C for 48 hours [30]. Figure 3.7’s right hand side shows the height bar. From
the AFM images, we can observe that the AFM image resolution is less than 1 nm.
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Figure 3.7: 10 x 10 pm AFM height image o f homogenized and digested costal cartilage.

Figure 3.8 shows the width distribution o f digested and homogenized nano-straws. The
widths o f 61 nano-straws were measured. The width mean value is 524 nm and the
standard deviation is 130 nm. Among the 6 different samples, this sample shows the
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largest width.
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Figure 3.8: Width distribution o f digested and homogenized nano-straws.

Figure 3.9 shows a 7.9 x 11.4 pm AFM image o f homogenized and digested costal
cartilage without fixation. The chemical treatments were performed as in the previous
section. Scanning was performed in multiple areas. The height bar is to the right o f the
AFM image.

750

Figure 3.9: AFM height image o f homogenized and digested costal cartilage without
fixation.

Figure 3.10 presents the width distribution o f digested, homogenized & unfixed nano
straws. Fifty eight nano-straws’ widths were measured; there was a significant difference
in the mean values between fixed and unfixed homogenized and digested samples. For
unfixed samples, the mean value is 361 nm, and the standard deviation is 134.
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Figure 3.10: Width distribution o f digested, homogenized & unfixed nano-straws.

Figure 3.11 displays 4.7 x 3.1 pm AFM height image o f digested, homogenized & fixed
costal cartilage taken in a phosphate buffered solution (PBS).
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107.14 nm

940nm
Figure 3.11: AFM height image o f digested, homogenized & fixed costal cartilage in
PBS.

Figure 3.12 shows the width distribution o f digested, homogenized & unfixed nano
straws in PBS. Sixteen nano-straws’ widths were measured, giving a mean value o f 331
nm and a standard value o f 84. These values differ significantly from those o f fixed
samples.
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Figure 3.12: Width distribution o f digested, homogenized & fixed nano-straws in PBS.

Figure 3.13 is o f a 4.7 x 5.8 pm AFM height image o f costal cartilage sample taken while
the sample was in PBS. The samples were unfixed, homogenized and digested.

64

91.98 nm

930nm

________

0.00 nm

Figure 3.13: AFM height image o f fixed homogenized and digested in PBS.

Figure 3.14 gives the width distribution o f digested, homogenized & fixed nano-straws
width distribution in PBS buffer solution. From this set, 26 nano-straw widths were
measured. Within, a mean value o f 410 nm and a standard deviation o f ±120 nm were
obtained. The mean differed from the unfixed samples.
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Figure 3.14: Width distribution o f digested, homogenized & unfixed nano-straws in PBS.
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Table 3.1: Statistical analysis o f six different treatment and fixation
P Values
Undigeste Digested Homogenize Homogenize Homogenize

Undigested

d & Fixed

& Fixed

d,

Digested

d,

Digested

d,

Digested

d,

In Air

in Air

& Fixed in

&

unfixed

&

Fixed in

unfixed

Air

in Air

Buffer

Buffer

0.0315

0

0.0002

0.3330

0.0001

X

0.0012

0

0.0493

0

X

0

0.0001

0

X

0.0993

0.2801

X

0.0162

X

Digested
Homogenize

Homogenize
Digested

d & Digested
Not Fixed in
Air
Fixed

in

Buffer
Not Fixed in

X

Buffer

In the statistical analysis, if two sets o f p values are less than 0.05, there exists a
difference in the distributions that is statistically significant.

P values obtained are

0.3330 for undigested and fixed nano-straws in air and digested, homogenized, and fixed
straws in buffer. Both sets o f data are similar. P values are 0.2801 for digested,
homogenized and fixed samples in air and digested, homogenized, and unfixed samples
in buffer. Statistically, they are almost the same set o f data.

Another set o f data is

statistically the same with values at 0.0993; both o f them were digested and

in
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homogenized; one set o f data was in air and unfixed and another set o f data was fixed in
buffer. Digested and homogenized samples in air and buffer showed P is 0.0001; both
sets o f data are significantly different from one another. The rest o f the data sets have P
values lower than 0.05; they are statistically significant.

Additionally, we also observed topological features o f collagen fibers that were expected
based on previous literature. Figure 3.15 shows repeated D-Zone bands o f collagen
fibers. These types o f bands are common in collagen fibers. Their size is about 67 nm in
hydrated samples and 64 nm in dehydrated samples [163]. I measured D-Zone bands on
homogenized and digested samples with the aid o f AFM. The bands are repeated about
65 nm as we can see from Figure 3.15. My measurements are consistent with the above
work.
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Figure 3.15: Collagen fiber band measurements using AFM.
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3.4 Theory of Nano-mechanics

3.4.1 Hertz Theoiy
In 1882, Hertz solved the problem o f a sphere indenting on to another sphere or elastic
half-space. He gave the stress distribution with an indentation depth 8 in the area o f
contact. Let us assume that an applied load is P, the sphere radius is R, the contact radius
is a, and the indentation depth is 8.
From Hooke’s Law we can write
P
a
<j = s E ; Stress cr « — =-; Strain £ « — .
jta
R

(3.1)

The hypotheses o f the Hertz model are [164]:
1) The surfaces are frictionless.

2) No tensile stress is on the contact area.

3) There is very small strain within the elastic limits.

Two different size circles are in contact and their radiuses are R1 and R2 respectively. No
pressure is being applied when the two bodies are in point contact. Now one sphere is
being pressed on to the other with a load P. The center o f the two spheres will shift by 8
which is known as the indentation depth.

(3.2)

Let, E' =

(3.3)
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4
^ iP = - E ' S 2ylR
3

(3.4)

3.4.2 DMT Model

To calculate the Young's modulus, a modified Hertz model known as the DeijaguinMuller-Toporov (DMT) model was used [165]. The DMT model gives the stress
distribution with an indentation depth 8 in the area o f contact using the equation below:

(3.5)

3.4.3 Adhesion Force

The adhesion force (Fadh) o f two elastic bodies is caused by intermolecular forces, which
is located outside o f these two bodies. This force decreases with the increase in distances
between the bodies involved.
Adhesion force plays a vital role if one o f the following conditions is satisfied [166]:
1) Both surfaces o f the body are smooth.
2) One o f the bodies is made o f soft materials.
3) On small length scales, adhesion forces have larger influences than body forces.

The adhesion force is [164]:

Fadh=-4*rR

(3.6)
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3.5 Results: Nano-mechanical Analysis of Polymeric materials Using AFM

Poly-dimethylsiloxane (PDMS) is a soft material that is widely used for creating devices
through micro & nano fabrication techniques. PDMS was bought from Dow Coming.
Two materials were used for PDMS fabrication: one is a base and another is a curing
agent. The base and curing agent were mixed with a 10:1 (w/w) ratio. Enough was added
to allow for a height o f 2 cm within the petri dish that it was poured in and was then
stirred to mix well. The PDMS was checked to make sure that no bubbles were in it. The
mix was then stored in a clean place for 24 hours at room temperature to cure and harden.
The PDMS was cut into several small pieces for 1 cm x 1 cm AFM measurements and
screened for dust. One small piece was attached above the cover slip and placed into the
AFM sample holder for experimentation. Nano-indentation experiments were carried out
using the Nanonics AFM setup. Before experiments, the resonance frequency and quality
factor o f the AFM nano-probe was checked using NWS software. In this experiment, the
resonance frequency was 30123 Hz which matches with the given manufacturer values.
Figure 3.16 shows six different nano-indentation experimental data sets on PDMS. All
six nano-indentation data sets are consistent and repeatable with each other.
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Figure 3.16: Different nano-indentation experiments on PDMS.

Figure 3.17 shows the experimental data from Figure 3.16 fitted with Hertz model. The
experimental data was satisfactorily fitted using this theory.
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Figure 3.17: Nano-indentation experiment data on PDMS fitted with Hertz model.

Figure 3.18 shows PDMS local moduli o f elasticity at different indentation depths. The
Young’s modulus o f elasticity values for PDMS reached the bulk values after 15 nm
indentation.
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Figure 3.18: PDMS local modulus o f elasticity values.

Table 3.2 shows six different PDMS experimental data sets fitted to obtain the Young’s
modulus o f elasticity using two different models. For the Hertz model, the PDMS
modulus o f elasticity is 1.02 MPa, and the standard deviation is 0.02 MPa. For the DMT
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model, the PDMS modulus o f elasticity is 1.01 MPa, and the standard deviations is 0.02
MPa.

Table 3.2: PDMS modulus o f elasticity values at different experiments.
DMT ( MPa)
Hertz ( MPa)
Exp 1

1.00

1.00

Exp 2

1.05

1.04

Exp 3

1.00

0.99

Exp 4

1.00

1.01

Exp 5

1.02

1.00

Exp 6

1.04

1.03

Average

1.02 (±0.02)

1.01 (±0.02)
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3.6 Results: Nano-Mechanical Analysis of Biological Tissues Using AFM

We executed nano indentation experiments on cartilages to measure the mechanical
properties o f the patient with pectus deformity. Initially, AFM experiments were
performed on homogenized and digested fixed samples in air. AFM scanning was
performed in different places on the sample surfaces. Nano-straws were found through
AFM scanning. Nano-indentation experiments were then performed as shown above.
Figure 3.19 shows costal cartilage nano-indentation in air and experimental data fitted
with the Hertz model. The red solid line represents Hertz model fit, and the blue symbol
represents experimental data. The arrow shows where nano-indentation was performed.

Force (nN)
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Figure 3.19: Nano-indentation experiment data on human costal cartilage at air fitted with
Hertz model.
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Figure 3.20 shows human costal cartilage modulus o f elasticity at different indentation
depths. Collagen nano-straws’ modulus o f elasticity reached the bulk value after 7 nm
indentation.
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Figure 3.20: Human costal cartilages local modulus o f elasticity values on air.
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Table 3.3 shows modulus o f elasticity values for collagen nano-straws in air obtained
from fits using the Hertz and DMT models. According to the Hertz model fit, average
collagen nano-straw’s modulus o f elasticity is 1.95 GPa, and the standard deviation is
0.26 GPa. According to the DMT model fit, average collagen nano-straw’s modulus o f
elasticity is 2.05 GPa, and the standard deviation is 0.29 GPa.

Table 3.3: Human costal cartilage modulus o f elasticity values on air at different
experiments.______________ __________________________ _________________
DMT ( GPa)
Hertz ( GPa)
Exp 1

2.06

2.1

Exp 2

1.59

1.6843

Exp 3

2.21

2.3893

Exp 4

1.93

2.0323

Average

1.95 (±0.26)

2.05 (±0.29)

AFM experiments were also performed on homogenized and digested fixed samples in
PBS. Before nano-indentation experiments, AFM imaging was done in different places
on the biological sample surface. Collagen nano-straws were found from AFM scanning.
Then, nano-indentation experiments were performed on nano-straws. Figure 3.21 shows
costal cartilage nano-indentation in PBS and experimental data fitted with the Hertz
model. The red solid line represents Hertz model fit, and the blue symbol represents
experimental data. The arrow shows where nano-indentation experiments were
performed.
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Figure 3.21: Nano-indentation experiment data on human costal cartilage in buffer fitted
with Hertz model.
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Figure 3.22 shows human costal cartilage modulus o f elasticity at different indentation
depths. In this experiment the indentation depth is about 100 nm. Collagen nano-straws’
modulus o f elasticity reached the bulk value after 20 nm indentation.
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Figure 3.22: Human costal cartilages local modulus o f elasticity values in buffer.

Table 3.4 shows modulus o f elasticity values o f collagen nano-straws using Hertz and
DMT model fits when the collagen nano-straws are in PBS. In the Hertz model, the
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average collagen nano-straws’ modulus o f elasticity is 24.44 MPa, and the standard
deviation is 3.3 MPa. In the DMT model average collagen nano-straw’s modulus o f
elasticity is 24.3 MPa, and the standard deviation is 2.55 MPa.

Table 3.4: Human costal cartilage modulus o f elasticity values on buffer at different
experiments.______________ __________________________ ____________________
DMT ( MPa)
Hertz ( MPa)
Exp 1

21.1

21

Exp 2

20.6

22.3

Exp 3

27.4

25.2

Exp 4

26.7

27.1

Exp 5

26.4

25.9

Average

24.44 (± 3.30)

24.3 (± 2.55)
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3.7 Conclusions
Costal cartilage imaging shows lots o f nanostraws o f unusual shape. These straws are
thought to aid fluid flow from the bony rib to the sternum [30]. These nanostraws pass
the length o f the costal cartilage, and knowledge o f their nano-structure will help model
this fluid flow in the future. In our study, the samples were treated in six different ways.
We measured nanostraws’ diameter distributions in each case. In each case, diameter
distributions are different from one case to another case due to the chemical treatment
and fixation. The difference in diameter distribution can affect the nanofluids’ transport
calculations. Our results play an important role for nano scale measurements. We also
measured Young’s modulus o f elasticity o f nanostraws in air and physiological
conditions. In the ambient condition, the nanostraws’ modulus o f elasticity was about
2.01 GPa. These tissues became harder, presumably due to the protein crosslinking. In
physiological conditions, the costal cartilage modulus o f elasticity was about 23 MPa,
which is about 1000 times lower than in the ambient condition.
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CHAPTER4
NANOSECOND PULSING CELLS MORPHOLOGY, NANO
MECHANICS AND NANO-CHEMICAL ANALYSIS

4.1 Introduction
Cancer can be described as a wide range o f diseases that stem from unregulated cell
growth. There are many different types o f cancers that affect different tissues o f the body,
leading to a variety o f problems that often result in death. In the process o f uncovering
many o f the mechanisms behind the behavior o f some cancers and their effects on the
body, in hopes o f treating afflicted patients and preventing it, varying models have been
used to study cancerous cells and tissues in order to predict their behavior. They range
from the abstract to actual physical cell parts or whole cells to mimic cancer cell and
tissue behavior. These models can entail the use o f molecules used by the cancerous and
normally functioning versions o f the cells to the actual cancerous cells themselves to be
studied in vitro or in vivo. These models rely on experimental characterization o f the
cancer cells and their constituents. AFM is used to in the study o f biological cell’s
ultrastructure mapping and their mechanical properties measurements [167-173].

In our work, we study the leukemia cancer cell line referred to as a Jurkat cancer cell.
Jurkat cells, themselves, are a line o f immortalized T-lymphocyte cells and are believed
to be give insight into the inner working o f leukemia cells. For our work, we use Atomic
Force Microscopy to map the modulus o f elasticity and the cell membrane surface charge
density. These may differ between healthy and cancerous cells [174]; mapping these
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qualities and quantities can be helpful in the creation o f biomedical devices, medications,
and techniques that can take advantage o f these qualitative and quantitative differences.
[175-179].

Electroporation (EP) is the creation o f pores in a biological membrane through applying
an electrical field across it. With careful application, the effects o f electroporation can be
temporary and beneficial, but this relies on properly monitoring the electric field strength,
number o f pulses, and the duration o f each pulse [180-181]. Normally, the pulses do not
last more than 100 us, and sub-kV/cm voltages are used, allowing for non-lethal, but
large heterogeneous pores to form in the plasma membrane (182-189).

This study involves the use o f AFM to explore how cellular morphology, surface charge
density, and membrane elasticity o f Jurkat cells changed with the application of a single
60 nanosecond pulse electric field (NsPEF) between 15kV/cm and 60 kV/cm field
strengths, while also finding and calculating the Young’s modulus for membrane
elasticity through force indentation measurements. Using a tip and cells on silica in a 0.01
M KCL solution, we were able to measure the interfacial forces between them while also
predicting both surface charge densities o f Jurkat cell and silica surfaces.

We found that single low field strength NsPEFs could not breakdown the Jurkat cells’
cytoskeletons or produce major morphological changes. Force measurements and
Young’s modulus calculations revealed a decrease in the elasticity o f the Jurkat cells. The
most important finding is that differential pulsing conditions reduced the cells’ surface
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charge density. Contrary to the effect o f the single low field strength NsPEF, exposure o f
the Jurkat cells to the high field strength NsPEF resulted in fibrilliar actin disruption, a
significant decrease in elasticity, reduction in charge density and major morphological
changes.

Our data suggests that cellular morphology depends mainly on the stability o f the actin
cytoskeleton while the actin cytoskeleton’s integrity influences the cell’s elasticity and
biochemical makeup along the cellular surface. Both the structure and physics from the
chemical properties o f biological cells immensely influence their electrostatic force; we
were able to investigate this through the use o f atomic force microscopy through
measuring both surfaces’ forces between the AFM ’s tip and Jurkat cells under different
pulsing conditions but also the interfacial forces in ionic concentrations while the AFM
tip came near the Jurkat cells.

We used a force separation curve to observe the local molecular forces o f the biological
cells under hydration with AFM. In this, the interaction forces between the AFM tip and
surface are measured in terms o f the force by distance, as the tip is approaching,
contacting, and retreating from a given sample surface. This process can be exploited to
yield many properties as they relate to the mechanical, chemical and biological properties
o f the cell, especially those o f the electrochemical variety which the surface charge
density is used to express, all o f which need to be in certain values for proper cell
function [190-191]. The AFM is very useful for this task in which picoNewton scale
measurements are desired.
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The effects o f NsPEF involve the creation o f compact and identical nanopores within the
plasma membrane, organelle membranes, and the nuclear envelope [192-193]. NsPEFs
that are greater than 10 kV/cm are considered high voltage, and even short pulses o f short
duration can cause cellular effects that differ from conventional EP. These NsPEFs make
the cell membrane permeable without the need for propridium iodide [194], as opposed to
conventional EP, and have been found to promote intracellular calcium uptake into the
cytoplasm from intracellular stores and the extracellular environment [195-196]. Pulse
durations shorter than the cell membrane charging time are responsible for the nanopore
formation and intracellular structural penetration. Cell death is brought on by the
permeabilization o f both external and internal membranes which is thought to be the
primary mechanism [197-198]. It was observed that NsPEFs generate damage to
chromosomes and telomeres and disrupt the actin cytoskeleton, which is a factor in cell
death [199-200].

The nature o f pore formation in NsPEF subjected cells has been investigated before [201202] without revealing the morphological changes or overall membrane elasticity and
charge density changes across the cell surface. Here, Atomic Force Microscopy (AFM)
was used to map the cellular morphology and measure changes in the elasticity and
surface chemistry o f these cells.
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4.2 Methods

4.2.1 Silica Sample Preparation
A large silica wafer from Montco Silicon Technologies (San Jose, CA, USA) was used to
produce the sample surfaces after being cut into 1 cm by 1 cm squares, followed by
sonication with 1 M KOH from Acros Organics, New Jersey, USA for approximately 15
minutes. Afterward, these samples were rinsed with DI water for 2-3 minutes and
sonicated with acetone for 15 minutes. The samples were then sonicated in isopropanol
from Fisher Scientific Education (Pittsburg, PA, USA) for 15 minutes, before being
rinsed with isopropanol and deionized water for 2-3 minutes. The samples were then
dried with an air gun and placed on a heating plate for 3 minutes at 120 °C. They were
then kept in clean boxes to protect against dust deposition. Prior to experimentation, the
silica sample surfaces were kept above the sample holder for microscopic samples, to be
analyzed by AFM fused silica probes bought from Nanonics in Israel.

4.2.2 Cell Culture
Jurkat E6-1 clones from ATCC were cultured in RPMI 1640 media from Atlanta
Biologicals with 2 mM o f L-glutamine, 50 IU/mL penicillin, and 50 mg/mL streptomycin
from Gibco at 37 degrees Celsius and 5% C 0 2 in air.

4.2.3 Cell Electroporation and Preparation
Jurkat cells were placed in curvettes from Biosmith with 1 mm gaps and then exposed to
one NsPEF o f 60 nanoseconds with pulse strengths o f 0, 15, and 60 kV/cm. The Jurkat
cells were immediately fixed post-exposure with 4% paraformaldehyde and then

transferred to poly-L-lysine coated coverslips from Sigma-Aldrich, before being washed
in PBS and imaged through AFM.

4.2.4 Atomic Force Microscopy
We used a Multiview-400 multiple probe AFM from Nanonics Imaging to obtain height,
phase, and Near Field Scanning Optical Microscopy images. NWS and WSxM 5.0
imaging and processing software respectively were used for interfacing with the fixed
cells on the AFM stage through the use o f a 20 nm parabolic quartz tip in tapping mode
and processing images obtained [160]. The tapping mode involves cantilever oscillation
which allows for soft characterizations as the AFM scans. The cantilever’s spring
constant is 2600 uN/um, with a resonance frequency o f 33.97 kHz. Image calibration was
performed using a standard silicon grid and further verified with a profilometer.

4.3 Cancer Cells Nano meachanics
The Deijaguin-Muller-Toporov (DMT) model was used to calculate the Young’s
modulus as described below [62].

Fadh is the adhesion force between the AFM tip and the sample; R is the AFM tip radius;

6 is the indentation depth; E *is the relative young modulus. The relative young modulus
can be written as
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Enp is the young modulus o f the AFM tip, Esample is the young modulus o f the Jurkat

cells. v Upand osample is the Poisson ratio o f the AFM tip and Jurkat cells.
An algorithm, based on the least square fitting method, was developed to measure the
cellss Young’s modulus; it was verified with Matlab CFtool, and both gave the same
results. CFtool is used to fit data with different models and visualize the curves and
surfaces as well as automatic processing. The experimental data was fitted with equation
1 using our Matlab code. The equation has two fitting parameters: one is the adhesion
force and two is the relative Young’s modulus. The adhesion force is the constant force
between tip and sample. From the relative Young’s modulus, using equation 2, we
measured Jurkat cells’ modulus o f elasticity. The student’s t-test was used for statistical
analysis, with a p value o f <0.05 indicating a significant result.

Figure 4.1 is an AFM image o f two Jurkat cells which display a height characterization
with height scale bar shown to the right o f the picture. At their height, they measure
roughly 2.38 microns while their diameters were measuring about 10-12 microns across.
These are Jurkat cells that did not receive electrical pulses.

Figure 4.1: 30 x 30 pm Non Pulsed Jurkat cells AFM height image.

Figure 4.2 shows AFM nano-indentation on non-pulsed Jurkat cells. The mechanical
contact force was applied above the Jurkat cells, and the indentation depth is about 100
nm. The blue symbols in the figure below show experimental data, and the red solid line
represents the fit using theory.
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Figure 4.2: Nano-indentation experiment data on non pulsed Jurkat cell and fitted with
DMT Model.
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Figure 4.3 shows non pulsed Jurkat cells local moduli o f elasticity at different indentation
depths. The modulus o f elasticity values reached bulk values after 35 nm indentation.
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Figure 4.3: Non pulsed Jurkat cell local modulus o f elasticity values.
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As listed in Table 4.1 below, as with the curves above, the experimental values fit well
with the model values. The non-pulsed Jurkat cells modulus o f elasticity is about 7.27
kPa.

Table 4.1: Non pulsed Jurkat cells modulus o f elasticity values at different experiments.
DMT (KPa)
Exp 1

6.73

Exp 2

8.51

Exp 3

6.59

Average

7.27667 (±1.070)

Figure 4.4 shows an AFM image o f a Jurkat cell which displays a height characterization.
At their height, they measure roughly 2.84 microns while their diameters were measuring
about 6-8 microns across. These are Jurkat cells that received electrical pulses; the
electrical pulsing condition is 15 Kv/cm.

95

Figure 4.4: 9.3 x 11.1 pm Pulsed Jurkat cell (15kv/cm) AFM height image.

Figure 4.5 shows AFM nano-indentation plot on pulsed Jurkat cells. The mechanical
contact force was applied above the Jurkat cells and the indentation depth is about 120
nm. The blue symbols in the figure below show experimental data, and the red solid line
represents the theoretical data. From the following figure, we can say that the
experimental data has a good fit with theoretical fit.
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Figure 4.5: Nano-indentation experiment data on pulsed Jurkat cell (15/cm) and fitted
with DMT Model.
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Table 4.2 below shows the experimental values and the model values. The pulsed Jurkat
cells (15 Kv/cm) modulus o f elasticity is about 3.58 KPa for the DMT model. The
modulus o f elasticity is reduced for pulsed cells compared to non-pulsed cells. The reason
for the reduced modulus of elasticity is presumably that the cells’ membranes have
broken down.

Table 4.2: Pulsed Jurkat cells (15 Kv/cm) modulus o f elasticity values at different
experiments;_________________________________________________________
DMT (KPa)
Exp 1

4.74

Exp 2

2.49

Exp 3

2.9782

Exp 4

4.1323

Average

3.58513 (±1.03292)

Figure 4.6 is an AFM image o f a Jurkat cell which displays height characterization. Their
height measures roughly 4.09 microns. The electrical pulsing condition is for the cell
shown below is 60 Kv/cm.

Figure 4.6: 10.9 x 16.4 pm Pulsed Jurkat cells (60kv/cm) AFM height image.

Figure 4.7 shows AFM nano-indentation on pulsed Jurkat cells. The indentation
experiments were carried out above the Jurkat cells, and the indentation depth is about
100 nm. The blue symbols in the figure below show experimental data, and the red solid
line represents the theoretical fit.
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Figure 4.7: Nano-indentation experiment data on pulsed Jurkat cell (60 kv/cm) and fitted
with DMT Model.
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Table 4.3 below shows experimental values and model fits. Pulsed Jurkat cells (60
Kv/cm) modulus o f elasticity is about 1.09 KPa for the DMT model and 1.20 KPa for
Hertz model. The modulus o f elasticity is reduced for pulsed cells compared to non
pulsed cells.

Table 4.3: Pulsed Jurkat cells (60 kv/cm) modulus o f elasticity values at different
experiments;_________________________________________________________
DMT (KPa)
Exp 1

1.06

Exp 2

0.711

Exp 3

1.50

Average

1.09033 (±0.39537)

All three nano indentation curves are shown in Figure 4.8. We found a 53% decrease in
the Young’s modulus when Jurkat cells were exposed to 15 kV/cm. However, the
application o f a 60 kV/cm nsPEF resulted in an 85% decrease o f the Young’s modulus at
the maximum indentation depth when compared to 0 kV/cm. Figure 4.9 shows Young's
modulus in cells pulsed for 60 ns at 0, 15, and 60 kV/cm.
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Figure 4.8: Comparison o f all 3 nano indentation measurements between AFM probe and
Jurkat cells.
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Figure 4.9: Young's modulus in cells pulsed for 60 ns at 0 ,1 5 , and 60 kV/cm (n = 3 for
all conditions).
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4.4 Surface Charge Density Mapping

We next considered the electrostatic force between the AFM tip and the cell surface. The
electrostatic force to be encountered is represented by the equation below, which is based
on prior work by Parsegia et al. [203].

R is the AFM tip radius, e is the dielectric constant o f the medium, £0 is the vacuum
permittivity, a s surface charge density o f sample, cr, surface charge density o f tip and
XD is the Debye length, which can be written in the following equation

(4.4)

kB is the Boltzmann constant, T is the temperature, c is the concentration and e is the

charge.
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An algorithm, based on the least square fitting method, was developed to compute the
biological cells’ and AFM probe’s surface charge density. The experimental data was
fitted with Equation 1 using our Matlab code. Equation 3 has two fitting parameters; one
is the AFM probe charge density and the second is the cells’ surface charge density. A
student’s t-test was used for statistical analysis, with a p value o f <0.05 indicating a
significant result.

4.5 Results
NsPEFs are known to create nanopores when applied to cell membranes, and this
phenomenon has been extensively studied computationally and experimentally with
regards to the size, density, and lifespan o f the pores. However, the membrane and
cytoskeletal integrity o f the cells, post-exposure to high energy/ low duration electrical
fields, is not well documented.

AFM and NSOM were used in our study to visualize morphological changes caused by
applying the differing NsPEFs (Figure 4.10). Pore formation can generate many changes,
but the cytoskeleton is likely to be affected as well in order for such drastic changes to
have occurred to the cells’ morphology. We had to test the applicability o f the
electrostatic force theory with force distance curves as used by AFM; to do this we
developed our own Matlab code to fit the theory and experimentally tested this through
measurements o f the surface force between the AFM tip and the control silica surface
within a 0.01 M KC1 solution. This match is exhibited in Equation 4.3 and the results can
be seen in Figure 4.11 along with the fitting o f theoretical results. From these results, the
Debye length was independently computed with the use o f Equation 4.4. During the
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AFM probe’s approach to silica through all electrical pulsing conditions, continuously
increasing repulsive forces were constantly observed which were found to be a result o f
similarly charged particles meeting. The surface charge density o f Jurkat cells at 0, 15
and 60 kV/cm in 0.01 M KCL solution was -0.00852 (±0.00671) C/cm2, -0.00159
(±0.00195) C/cm2 and 0.00216 (±0.00043) C/cm2.

The 0 kV/cm case can be taken as the control. In comparison, an 81% decrease in the
charge density was found when Jurkat cells were exposed to a field strength o f 15 kV/cm
(Figure 4.16); this was overshadowed by a starker change as was seen through a 125%
decrease in the charge density at surface force measurements through the application o f a
60 kV/cm field strength NsPEF (Figure 4.16).
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0 kV/cm

15 kV/cm

60 kV/cm

Figure 4.10: Atomic Force Microscopy (AFM) and near-field scanning optical
microscopy (NSOM) o f Jurkat cells exposed to nanosecond pulsed electric fields
(nsPEFs). (A-C) AFM height images o f cells exposed to 0 ,1 5 , and 60 kV/cm nsPEFs,
respectively. (D-F) AFM phase images o f Jurkat cells exposed to 0 ,1 5 , and 60 kV/cm
nsPEFs, respectively. (G-I) NSOM images o f Jurkat cells exposed to 0 ,1 5 , and 60 kV/cm
nsPEFs, respectively. (J-L) Three-dimensional representations based on AFM height
measurements o f Jurkat cells exposed to 0 ,1 5 , and 60 kV/cm nsPEFs, respectively.
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Figure 4.11: Surface force measurements between AFM probe and silica in 0.01 M KCL
solution.
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Figure 4.12: Surface force measurements between AFM probe and Jurkat cells (0
Kv/cm).

Force (nN)

109

Seperation Distance (nm)

Figure 4.13: Surface force measurements between AFM probe and Jurkat cells (15
Kv/cm).
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Figure 4.14: Surface force measurements between AFM probe and Jurkat cells
(60Kv/cm).
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Figure 4.15: Comparison o f all 3 surface force measurements between AFM probe and
Jurkat cells.
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Figure 4.16: Surface charge density measurements in cells pulsed for 60 ns at 0 ,1 5 , and
60 kV/cm (n = 3 for all conditions).
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4.6 Discussion

In this study, we explored how NsPEFs influence cellular morphology, surface charge
density, and elasticity, through the use o f AFM. NSOM was used to image the cellular
morphology and was complimented through the inclusion o f height and phase imaging
through AFM.

The AFM was our main investigational tool due to its ability to image and measure
interaction forces between the tip and the cell. This allowed us to infer that highly
hydrophobic cells have a large negatively charged surface density that differed under
different electrical pulsing conditions. Jurkat cells are an immortalized line o f human Tlymphocytes that were chosen due to their ability to grow in a suspension as well as their
round morphology, which allows for ease in observing morphological changes; small
changes could easily be observed within them post-stress as shown through exposure to a
low field strength NsPEF which gave the cells more oval morphology. This finding is
significant in that it highlights a strength o f AFM in its ability to detect these changes
wherein simple staining could not; it was demonstrated in Figure IE in Dutta et al. [204]
that phalloidin staining failed to show significant changes in actin cytoskeletal
morphology under low strength NsPEF exposure even though the cell’s elasticity was
reduced by 53%. In contrast, high field strength NsPEFs were able to affect the cellular
morphology drastically, through disrupting the actin cytoskeleton and reducing the
elasticity another 22% more than that achieved with the low field strength NsPEF. It is
possible that the extensive morphological and charge density changes across the cell
surface, as well as the elasticity changes caused by the high field strength NsPEFs, are
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due to depolymerization and disruption o f the organization o f the actin filaments and the
cell cortex.

In conclusion, our data demonstrate that NsPEFs significantly change the cell membrane
through changes in membrane elasticity and surface charge density. Low field strength
NsPEFs generated a significant change in membrane elasticity and charge density, but an
insignificant change in cell morphology. High field strength NsPEFs generated a
significant change in membrane elasticity, surface charge density and cell morphology.
Under both NsPEF regimes, surface charge density increased, but this occurred more
with the high field strength NsPEF. The observed effects seem to be a result o f long
lasting permeabilization o f the membrane o f the cells that were fixed immediately after
the NsPEF pulsing which generated potentially irreversible effects that depend on the
cytoskeleton to some degree. The membrane interfaces with, and owes it stability to, the
cytoskeleton, which would disrupt the membrane if it itself was destabilized as was the
case with high field strength NsPEFs (Figure 1L). This work is supported by our prior
findings which describe the relationship o f actin destabilization and reduced cell survival
[160]. All o f this was accomplished through AFM, allowing for the visualization and
testing o f the effect destabilization o f the actin cytoskeleton on the morphological
changes as induced though differing regimes o f NsPEF pulsing.
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CHAPTER 5
CONCLUSIONS

In this dissertation, I used AFM as a primary tool for nano scale imaging, nano
indentation, surface charge potential and density mapping, as well as interfacial force
measurements. AFM imaging was done in both air and liquid environments with short
and long probes. The long probe was made by attaching a long needle at the end o f the
cantilever used. Both types o f probes were also used for nano-indentation experiments,
and long probes were used for interfacial force measurements. By using AFM, I have
done nano indentation on PDMS, human costal cartilage in both ambient and PBS buffer
conditions, and pulsed and non-pulsed Jurkat cells. Interfacial forces have been measured
between an AFM nano probe and silica surface under different ionic concentrations. Van
der Waals forces were also investigated between the AFM nano probe and silica surface
within DI water. Nano scale AFM imagings were performed on silica surfaces, human
costal cartilage samples with different chemical treatments in both ambient and PBS
buffer conditions, and pulsed and non pulsed Jurkat cells.

Human costal cartilage samples were extracted from a patient. These samples were
chemically treated and fixed over poly lysine cover slips. Six different sets o f data show
different P values that came from ANOVA tests performed on the samples. Two different
sets o f data are statistically different from each other, when P value is less than 0.005.
The largest mean diameter o f collagen nanostraws was 524 nm for digested and
homogenized fixed samples in air, and the smallest mean diameter o f collagen
nanostraws was 331 nm for digested and homogenized unfixed samples in PBS buffer.

116

These diameter variations o f different types o f samples are due to chemical treatment.
Hence, fluid flow through these collagen nanostraws can affect transport phenomena.

The AFM nano-indenter was applied to the above collagen nanostraws in environmental
and PBS buffer conditions. The indenter was indented in various sample surfaces with
very small deformation and from this deformation we can extract materials’ properties.
This nanoindenter technique was so powerful that it was able to sense pico-newton level
force with exact nanometer scale positioning. The cartilage samples studied were
abundant in type 11 collagen. In air, the collagen nanostraws’ modulus o f elasticity was
higher due to protein cross linking. In PBS buffer, collagen nanostraws’ magnitude o f
mechanical properties was lower than that in air because fluid was passing through these
nanostraws.
A cancerous line o f white blood cells called Jurkat cells were studied via AFM. Cancer
cells’ morphology and mechanical properties are different from those o f healthy cells.
AFM can discover each local change at each cellular layer. The Cancer cell’s membrane
can be broken down by using either electric pulsing or drugs. Jurkat cells were treated
with nano second electrical pulsing at different conditions. At first, I performed AFM
topography images for non pulsed Jurkat cells. From the cells’ height profile, they are
about 8-12 microns in diameter. When nano-indenter techniques were applied, these cells
went through small deformation. I have extracted global mechanical properties using the
Matlab program; local mechanical properties were also extracted at every indentation
depth. The non pulsed Jurkat cells’ Young modulus o f elasticity was 7.27667 (±1.070)
KPa. In this experimental case, the indentation depth was 100 nm, and the maximum
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force was about 40 pN. Cells were pulsed in two different conditions; one was 15 Kv/cm
and another one was 60 Kv/cm. In each condition, AFM scanning was performed on
these pulsed cells. From AFM topography and morphology images, we can see the
change o f the cell’s membrane at nanometer scale. The pulsed cell’s membrane was
broken down due to the electrical pulsing; consequently, their local mechanical properties
changed at each condition. For the case o f 15 Kv/cm, the Jurkat cells’ modulus o f
elasticity was 3.82 (±1.682) KPa. In this case, the maximum force was 35 pN, and the
indentation depth was 120 nm. For the case o f 60 Kv/cm, the Jurkat cells’ modulus o f
elasticity was 1.20667 (±0.49662) KPa. In this case, the maximum force was 6 pN, and
the indentation depth was 100 nm. From AFM images, we can see that pulsed and non
pulsed cells’ topography images were not the same.

Bioelectrochemical analyses on Cancer cells were also performed with AFM in salt
concentrations. Cells were electrically pulsed in different pulsing conditions. Before
measuring interfacial force, we imaged these cells and observed morphological change in
three different conditions. After that, force versus separation distance measurements were
performed in physiological conditions. These experimental curves were fitted with the
DLVO theory. The magnitude o f the force decreased as electrical pulsing intensity
increased due to the cells’ membrane and cytoskeleton break down. The surface charge
mapping shows an 81% reduction o f charge density in 15 kV/cm pulsing conditions and a
125% reduction o f charge density in 60 kV/cm pulsing conditions.
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Nano & micron size particles were attached at the end o f the nano-needle o f the AFM
probe for surface force measurements between an AFM probe and silica surface in
different ionic concentrations. The experimental results were fitted with the DLVO
theory to determine the surface charge densities o f the interacting objects. We are able to
measure pN level force in solutions at 50 nm separation distance. Our experimental
results are in qualitative agreement with the theory at different ionic concentrations. The
surface charge density increases with an increase in the ionic concentration. This AFM
unique tool was also used to measure materials’ local properties like the Hamakar
constant. The surface forces were measured between AFM nano tip and silica surface in
DI water. The experimental results were in very good agreement with the Van Der Waals
theory. Hamaker constant was determined from these experimental results.
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